Bedload sediment transport of two-size coarse spherical particle mixtures in a turbulent supercritical flow was analyzed with image and particle tracking velocimetry algorithms in a two-dimensional flume. The image processing procedure is entirely presented. Experimental results, including the size, the position, the trajectory, the state of movement (rest, rolling, and saltation), and the neighborhood configuration of each bead, were compared with a previous one-size experiment. Analysis of the solid discharge along the vertical displayed only one peak of rolling in the two-size bed, whereas three peaks of rolling appeared in the one-size case due to a larger collective motion. The same contrast is evidenced in spatio-temporal diagrams where the two-size mixtures are characterized by the predominance of saltation and a smaller number of transitions between rest and rolling. The segregation of fine particles in a bed formed by larger particles was analyzed taking into account the neighborhood configurations.
Introduction
Sediment transport in rivers is of major importance to flood alleviation, water resource management, and environmental sustainability. In mountains, steep slopes drive intense bedload transport of a wide range of grain sizes. Bedload is the coarser transported material, remaining in contact with the bed by rolling, sliding or by saltating. Bedload transport destabilizes river channels, increases flooding problems, causing loss of property and public infrastructure, and can have adverse effects on water quality and aquatic habitat. Yet, despite a century of modern research (DuBoys 1879; Gilbert 1914) , our understanding of bedload transport remains low, impairing our ability to make reliable predictions of sediment flux, even with a good knowledge of free surface water flows.
Sediment flow rates measured in natural streams are usually lower by one or two order of magnitude from the experimental flume-based bedload transport equations (Wilcock 2001; Bathurst 2007) . For a better understanding of the physical mechanisms governing bedload transport, some researchers have considered bedload transport not as a continuous phase but at the scale of the particles composing the solid phase (Bridge and Dominic 1984; Wiberg and Smith 1985; Schmeeckle and Nelson 2003) . As discussed recently (Frey and Church 2009) , progress could be accomplished by better considering grain-grain interactions. One of the well-known reasons of the discrepancy between theory and measurements in bedload research is the problem of grain size sorting or segregation (Parker and Klingeman 1982) . This phenomenon results in patterns that can be seen ubiquitously in nature such as armoring or downstream fining (see Powell 1998 for a review).
Our contribution to these issues is an experimental study of the motion of coarse spherical glass beads entrained by a turbulent and supercritical water flow down a steep channel with a mobile bed. Using a two-dimensional channel slightly larger than the beads, we recorded from the side all bead displacements with a high-speed camera. Initially, the trajectory of a single saltating or rolling bead was analyzed (Ancey et al. 2002 (Ancey et al. , 2003 . The channel was then supplied continuously with beads, and measurements were taken at transport equilibrium over the mobile bed (Böhm et al. 2004; Böhm 2005) . All particle trajectories were calculated by image processing ) allowing analysis of the fluctuations of sediment rates as well as the state of movement (rolling or saltation). These exhaustive measurements permitted a thorough statistical description of uniform sediment transport based on stochastic Markovtype processes (Ancey et al. , 2008 .
To advance in the understanding of grain size sorting processes, we set up new experiments using two-size mixtures. Spherical glass beads with a diameter of 4 mm together with the previously used 6-mm beads were input in the same two-dimensional channel. Building on a previous procedure for the 6-mm beads only , specific image processing algorithms were developed in order to detect and track each bead, its trajectory, its state of movement, and its neighborhood configuration.
In the study of sediment transport, the use of image analysis has been steadily expanding in recent years, although not so rapidly as in general fluid mechanics, where particle image velocimetry (PIV) is now a wellestablished technique (see Adrian 2005 for a review). Progress has been made in suspended sediment turbulencerelated issues and more recently in bedload research. Image analysis has been used in laboratories, more rarely in the field (Drake et al. 1988) , to measure for instance concentrations or number of particles (Radice et al. 2006) , grain size distributions and mass flux (Frey et al. 1993 Graham et al. 2005; Zimmermann et al. 2008) , and particle velocities or trajectories. Tracking a single detected particle is relatively easy, and a number of authors have used image analysis to measure the trajectory of a particle in saltation (Hu and Hui 1996; Niño et al. 1994 , Lee et al. 2000 Ancey et al. 2002) or in the rolling regime (Ancey et al. 2003) . Tracking sediment flux is obviously more difficult. It first necessitates the segmentation of all particles and requires specific algorithms. Some steps of these algorithms are related to particle tracking velocimetry techniques (PTV).
Particle tracking velocimetry algorithms were in particular developed to track fluid tracers in flow regions where standard PIV algorithms based on cross-correlations were not well adapted because of large velocity gradients. They were also applied to track suspended sediments. Sechet and Le Guennec (1999) investigated the role of near wall turbulent structures. Their algorithm made use of a pursuit window not resolving ambiguous associations. Nezu and Azuma (2004) used PTV to characterize particleladen-free surface flows. Their algorithm was based on the pattern matching of particle clusters between two consecutive images using invisible elastic springs, a technique described in Okamoto et al. (1995) . Tracking of coarse material is rarer. Capart et al. (1997) investigated the water-sediment interaction in a dam-break release. They used a more sophisticated segmentation method and tracked the motion of 6 mm plastic beads using a predictor-corrector algorithm. Capart et al. (2002) used a patternbased matching method using the Voronoï diagram for studying granular flows, and Spinewine et al. (2003) extended this method to stereoscopic measurements. Observing from above, Pilotti et al. (1997) analyzed dark grain incipient motion on a light smooth bed. Papanicolaou et al. (1999) using the khoros system tracked green glass beads over a layer of fixed transparent ones. In both cases, the number of particles was low, and the contrast with the bed sufficiently high to allow segmentation with simple thresholding procedures. Note that in these cases, only the motion of segmented particles could be tracked but not the entire bed. Tracking natural material without contrast and marking is very difficult. Drake et al. (1988) performed field tests with natural sediments, extracting information from the images by hand. Radice et al. (2006) evaluated sediment fluxes from above. The concentration was measured by segmenting subtracted images, a technique already used by Keshavarzy and Ball (1999) . Tracking individual particles was not possible, but regional particle velocities could be assessed by PIV.
In previous studies with uniform 6-mm beads, we used a two-dimensional channel only slightly wider (6.5 mm) to be able to track all beads. For studying two-size mixtures, after numerous unsuccessful attempts, we added transparent 4-mm beads whose motion remained approximately two-dimensional and stayed in the focal plane of the camera. No background beads could be entirely concealed by foreground beads, so that all 4-mm beads could be detected and tracked.
The objective of this paper is to report the image analysis procedure developed for tracking our two-size mixtures and to present the results of the first experimental investigations analyzed with this procedure. We first present the experimental facilities and the image grabbing system in Sect. 2. In Sect. 3, we detail the image processing algorithms before presenting results in Sect. 4.
Experimental facilities and procedures
Experiments were carried out in a tilted, narrow, glasssided channel, 2 m in length, already used in previous studies (Bigillon 2001; Ancey et al. 2002; Böhm et al. 2004) . Figure 1 shows a sketch of the experimental facility. The channel width W was adjusted to 6.5 mm. The particle diameters were 4 and 6 mm. Even with the 4-mm beads, the particle motion remained approximately two-dimensional. The channel slope tan h was set to 12.5% for the three experiments presented in this paper. To prevent crystallographic arrangements, the steel channel base consisted of half-cylinders of equal size (radius of 3 mm), randomly arranged on different levels, from 0 to 5.5 mm, by increments of 0.5 mm. These levels were generated using a sequence of uniformly distributed random numbers.
Black spherical glass beads with a nominal diameter of 6 mm (provided by Sigmund Lindner GmbH, Germany) and transparent spherical glass beads of diameter 4 mm (provided by Cimap, France) both with a density q p of 2,500 kg/m 3 were used. The black beads were input from a reservoir into the channel using a wheel driven by a direct current motor and equipped with 20 hollows on the circumference. The transparent beads were input with a vibrating device allowing the beads to fall on a ramp leading to the channel inlet. The water supply at the channel entrance was controlled by an electromagnetic flow meter (provided by Krohne, France).
Two experiments with a two-size mixture are presented together with a 6-mm one-size case for comparison. Parameters relative to the three experiments are summarized in Table 1 . For the one-size 6-mm bead experiment N12-16 Fig. 2) , the input rate _ n 6 was 15.1 beads per second, with an uncertainty of less than 5%. The case M12-8-18 is a mixture of 64% by weight of 6-mm beads and 36% of 4-mm beads. The input rates were _ n 6 ¼ 8:1 beads/s for the 6-mm beads and _ n 4 ¼ 18:0 beads/s for the 4-mm beads. For the 4-mm beads, an uncertainty of 15% on the solid rate was measured. In the experiment M12-14-1, 4-mm beads represented only 1% of the mixture. The input rates were _ n 6 ¼ 13:5 beads/s and _ n 4 ¼ 0:5 beads/s. The total volumic solid discharge per unit width was calculated according to q s ¼ p=6W ð6 3 _ n 6 þ 4 3 _ n 4 Þ Â 10 À9 : These three experiments at the same slope of 12.5% were selected for comparison, because they had approximately the same total volumic solid discharge (q s = 0.23-0.26 9 10 -3 m 2 /s).
The hydraulic conditions can be specified using classic dimensionless numbers (Table 1 ). The flow Reynolds number is defined as Re = 4R h u f /m, where R h = Wh/ (2h ? W) denotes hydraulic radius, h the averaged flow depth, u f ¼ q w =h the averaged fluid velocity, q w the water (where g denotes gravity acceleration) was always greater than 1 (supercritical flow). The solid transport concentration is defined as the ratio of the solid and the water discharge C s = q s /q w . The instantaneous water depth was defined as the difference between the water and the bed elevation. The water free surface elevation was obtained by image analysis (see Sect. 3.3). The bed elevation profile is the broken line linking the top points of the uppermost resting or rolling beads (see Sects. 3.2, 3.3). Rolling particles were included because they had a very low velocity compared to the mean water velocity. The instantaneous water depth was averaged spatially (within one image) and temporally over the sequence to obtain the average water depth. A conservative uncertainty estimate of the water depth is 1 pixel (0.387 mm) which implies for the uniform run (N12-16) a relative value of 5%. The mean velocity was calculated from the flow discharge which was very constant (0.5%). However, independent measurements were taken with a dye method (Recking et al. 2008a ) similar to the salt dilution method and proved consistent with calculated values (Dufresne 2005) .
The mean dimensionless number values differ substantially from the values usually found in the hydraulics literature. The reason is twofold: first we used a narrow channel, which led to studying low Reynolds number regimes, whereas in most experiments on bed load transport, one takes care to avoid such regimes; this is the price to pay to have access to the details of particle movements. However, despite the unusual features of our experimental device, the mean velocity profile and the main features of the turbulence were not too far from those typically observed in larger flumes (Frey and Reboud 2001; Ancey et al. 2002 Ancey et al. , 2003 . Therefore, we think that the small size of the experimental setup is not a handicap. Second, we studied supercritical flows because of the steep slopes investigated. However, in a supercritical regime, flow depth was low (on the order of the particle size), meaning that particle motion could be affected by the water free surface.
All experiments were filmed using a Pulnix partial scan motion camera (progressive scan TM-6705AN). The camera was placed perpendicular to the glass panes at a distance of 115 cm from the channel, approximately 80 cm upstream from the channel outlet. It was inclined at the same angle as the channel. Lights were positioned in the backside of the channel. A new high bright white LED back-light device (provided by Phlox, France) was used to ensure a uniform and stable lighting especially for the detection of the 4-mm transparent beads. An area of approximately 25 cm in length and 8 cm in height was filmed and later reduced to accelerate image processing. The camera resolution was 640 9 192 pixels for a frame rate of 131.2 frames per second (exposure time: 0.2 ms, 256 gray levels). Each sequence was limited to 8,000 images due to limited computer memory. This corresponded to an observation duration of approximately 1 min. Each experiment was repeated at least twice in order to trace possible experimental problems and to gain an idea of data scattering.
The procedure used to reach equilibrium with the twosize mixture M12-8-18 was very similar to the one reported in ) for uniform bead experiments. First of all, a particle bed was built along the channel base, which remained stationary on average. To that end, an equilibrium between the water discharge, solid discharge, bed elevation, and channel slope was sought. By transport equilibrium, we mean that there was no more bed degradation nor aggradation over a sufficiently long time interval. This equilibrium was reached by using the following procedure:
• The water discharge was set to a constant value.
• An obstacle was set at the channel outlet to enable bed formation and prevent full bed erosion. The solid discharges at the channel entrance were set to constant values. The channel was initially empty with only the steel bottom. The bed was built progressively by injecting the beads from the two reservoirs. The first beads supplied by the feeding system were stopped by the obstacle at the channel outlet and started to form a bed. The bed line rose to the level of the obstacle, and beads began to leave the channel. After approximately 10 min, the system arrived at bed load equilibrium. • In order to make the bed line parallel with the channel base, the water discharge was then adjusted. After several iterations, we arrived at the configuration with the bed line slope matching the channel base inclination. Average equilibrium conditions were sustained over long time periods, as long as 30 min.
Input of the two-size mixture M12-8-18 resulted in a bed mainly formed by the 4-mm beads (Fig. 3) , contrasting with the one-size case (Fig. 2) , although the 6-mm bead Fig. 2 Image corresponding to the one-size case N12-16 with 6-mm beads solid discharge represented 64% by weight of the total. In order to better understand the movement of 4-mm beads in the bed initially composed of 6-mm beads, we set up a specific experiment (M12-14-1). Once bed equilibrium was reached with the 6-mm beads (experiment N12-16), we input the 4-mm beads one by one (the input rate was actually 0.5 bead per second), approximately 70 cm upstream of the field of view. We observed qualitatively by eye the progressive sinking of some 4-mm beads. A 1-min image sequence was acquired after 20 min ( Fig. 4) .
3 Image processing
The experimental system described above recorded highspeed numerical image sequences. The aim of image processing was to determine, from the 8,000 image sequence, all trajectories and states of movement of each bead. For the present study, we used the image processing platform Wima (Ducottet 1994 ) developed by the Hubert Curien laboratory (University of Saint Etienne, France). Written in C?? under Windows and Linux, Wima is composed of a graphical user interface and an image processing library. It provides fundamental operations of preprocessing, segmentation, measurement on 2D, 3D images, or image sequences, as well as more specific operations such as PIV or tracking tools. Processing the new temporal image sequences containing the two different types of beads raised several problems compared to the unimodal case. We extended the previously proposed algorithm to include the detection of the transparent beads and the analysis of the neighborhood of the beads. We first recall the initial algorithm, and second we detail the extended version adapted to two-size mixtures.
Initial algorithm
The initial algorithm ) was adapted to process the uniform spherical black beads. It was composed of three main steps:
1. Particle detection and localization, consisting in detecting all the beads in each image and determining the position of their centers; 2. Reconstruction of particle trajectories, consisting in tracking the beads along the sequence to obtain a set of trajectories; 3. Determination of the state of movement, consisting in analyzing, for each position in trajectories, if the bead is rolling, saltating, or resting.
The first step can be considered as a pattern-matching problem in a gray scale image (Gonzalez and Woods 2008; Barat et al. 2003) . The detection used a correlation method with a ring-shape model of the bead (Fig. 5b ). The correlation coefficient image contained peaks at each matching point between the model and a bead ( Fig. 5c ). Local maxima of the different peaks gave the location of the searched beads ( Fig. 5d ).
In the second step, the problem of tracking particles along a temporal sequence was addressed. It is known as the point tracking problem in the literature. Usually, points can be either small object centroids or interest points in larger rigid or unrigid objects. Depending on the application and on the assumptions made on point displacement, more or less complex approaches have been proposed (Sethi and Jain 1987; Hwang 1989; Salari and Sethi 1990) . A particular application known as PTV is to determine the velocity field of a fluid carrying small particles (Nishino et al. 1989; Economikos et al. 1990; Fayolle et al. 1996; Udrea et al. 2000) . In our study, we focused on the Fig. 3 Thirtieth image of the two-size mixture M12-8-18 with superimposed trajectories corresponding to the first 30 images (dark and light blue trajectories represent saltation for, respectively, 6-and 4-mm beads, dark and light green trajectories represent rolling for, respectively, 6-and 4-mm beads, and red trajectories represent beads at rest) Fig. 4 Image corresponding to the two-size mixture M12-14-1 Exp Fluids (2010) 49:1095-1107 1099 individual particle motions. Particle velocities differed from those of the surrounding fluid, since our particles were coarse and had a higher density than water.
Taking as input particle position data, our algorithm constructs the whole set of trajectories. It uses the principle of prediction to select candidates for an association and the minimal distance criteria to choose the best one. The best associations were obtained by a greedy approach similar to the method proposed by Rangarajan and Shah (1991) . An estimate for the particle position in the second image was obtained by adding the displacement vector of the preceding calculation step to each particle position in the first image. Although the use of spherical particles of the same size made detection easier, the calculation of the trajectories was more difficult, since we were unable to distinguish particles based on their shape. Moreover, the trajectories consistency criteria classically used in PTV were not valid due to beads collisions. Thanks to the high frame rate of the camera, the displacement of a particle between two images was generally (but not always) smaller than a particle diameter. This was essential not only to reach a high resolution of the trajectories, but primarily to achieve a good accuracy with the tracking algorithm.
In the third step, the state of movement was determined according to the following criteria:
• Resting beads were those whose velocity u p (averaged over five consecutive frames) was lower than a threshold velocity u t . • Rolling beads remained in close contact with the bed.
Their velocity verified u p [ u t and their distance d n to the nearest neighbor verified the condition d n /d \ e. e was fixed to 1.07, and the reference distance d was the diameter of the beads. • Saltating beads made small hops above others and had no close neighbors except near collisions; the beads not at rest and not rolling were considered in saltation.
Extended algorithm
In the new experimental setup, images contained two different types of beads, the previous 6-mm opaque black beads mixed with transparent 4-mm ones. The previous algorithm had to be extended to take into account the second type of beads. The two first steps could be addressed independently for each type of bead. On the contrary, the third step had to be modified because the state of movement of a bead depends on whether neighbors are of the same diameter or not. In addition, a fourth step was developed to determine the state of movement of neighboring bead configurations located along the four diagonals. The proposed new algorithm can be broken down as follows:
1. Detection and localization of the two types of beads independently; 2. Reconstruction of trajectories of black and transparent beads independently; 3. Determination of the state of movement with the bead mixture; 4. Analysis of the neighborhood of the beads.
The first step was the most difficult one. The black beads could be detected with the same procedure as the initial algorithm, but the transparent ones required a particular processing since they did not appear as a uniform disk. A transparent bead appeared indeed as a faint dark ring whose shape depended on the transversal position of the bead in the channel and on its other neighboring beads. We used a morphological operator hconvex (or h-domes) (Vincent 1993; Soille 1999) to detect the local regional maxima produced at the center of beads. To limit false detections, we combined the hconvex operator with additional pre and postprocessing. The entire processing of transparent beads is presented in Sect. 3.3.
The second step was simply achieved using the initial reconstruction algorithm applied independently on black and transparent beads positions. We finally obtained two tables with the trajectories of, respectively, all black and transparent beads. Depending on the solid discharge adjusted at the channel entrance, the black table contained about 400-2,000 trajectories and the transparent table about 8,000-10,000. Figure 3 gives an example of an image with superimposed trajectories.
In the third step, the state of movement was determined using the initial criteria adapted to the case of the two types of beads. Therefore, the distance d n of rolling beads to the nearest neighbor verified the modified condition d n /d* \ e where the reference distance d* was fixed to the minimum distance according to the diameters of the bead and its nearest neighbor. It can take three different values depending on the relative diameters of the couple of these beads: black-black (d* = 6 mm), black-transparent (d* = 5 mm) and transparent-transparent (d* = 4 mm).
Finally, in the fourth step, the neighborhood configuration was determined by analyzing the type of the four neighbors of a bead located in each of the four quadrants defined in Fig. 6a . A candidate bead for a specific quadrant was considered to be a neighbor of the bead under analysis if it was the nearest neighbor in this quadrant and if its distance d n from the bead verified d n /d* \ g. The constant g is fixed to 1.14 to provide a tolerance on the distance. If no bead verified these conditions, no neighbors were selected, and the quadrant remained void. Figure 6 presents a possible neighborhood configuration for transparent (b) and black (c) beads.
Detection of transparent beads
The detection principle of transparent beads relied on the morphological operator hconvex (or h-domes) (Vincent 1993; Soille 1999) . This operator can detect local maxima whose height is higher or equal to h. For a given gray scale image f, and a given height h, it is defined as:
The operator R d f (fh) represents the reconstruction by dilation of the image f from the marker image fh. It is obtained as the geodesic dilation of fh with respect to f iterated until stability. Figure 7 illustrates the operator Hconvex applied on a one-dimensional digital signal. The result (Fig. 7c) shows non null values that form peaks at the location of maxima. The peaks of height h represent maxima of the same height. Then, a threshold of this image at level h (Fig. 7d) gives the location of maxima of height at least h.
The entire detection procedure of transparent beads consisted of four steps illustrated in Fig. 8: 1. removing the previously detected black beads by replacing them using a morphological closure of the image (Fig. 8b) ; 2. applying the hconvex operator (Fig. 8c) ; 3. detecting transparent beads after thresholding the hconvex image (Fig. 8d) ; 4. postprocessing to remove maxima located in the background of the image (Fig. 8e ).
In the first step, we began with building a mask to detect the black beads with an appropriate thresholding of the initial image. We also computed the morphological closure of the initial image to reconstruct the background at the location of black beads. The two obtained images are combined to replace, in the original image (Fig. 8a) , the black beads with the reconstructed background (Fig. 8b) .
In the second step, the hconvex operator was applied after a smoothing of the resulting image of step 1 with a gaussian filter of standard deviation of 1 pixel. Given a reference height h, the hconvex operator detected all the local maxima of height greater than or equal to h. The value of h had to be adjusted to select relevant local maxima. In the third step, we selected relevant regional maxima by thresholding the hconvex image at the value h. The fourth step is a postprocessing step combining selection operations to remove false detections located above the water free surface and outside the region containing transparent beads.
To detect the water line, a top hat operator was first applied to the original image (Fig. 9a) , the resulting image was thresholded, and finally a thinning was applied (Fig. 9b ). The top hat was calculated by taking the difference between the image and the morphological closure of this image (Serra 1982) . To detect the region containing transparent beads, we applied a Sobel gradient operator to the image without the black beads (Fig. 9c) , we thresholded the result, and we applied a closing to fill holes and an opening to remove small regions (Fig. 9d) .
Results
Results presented in this section serve two purposes: the first, perhaps the most important in this paper is to illustrate the capabilities of our image processing procedure. The second is to provide insights into bedload transport at the particle scale. The first Sect. (4.1) is devoted to global variables, namely water depth and transport concentration. In the following Sects. 4.2 and 4.3, the contrasted one-size N12-16 and two-size M12-8-18 experiments are compared making full use of image analysis results. The next section analyses segregation occurring in run M12-14-1 (very low input flux of small beads). The last section provides a neighborhood analysis for both two-size runs.
Water depth and transport concentration
Contrary to the 6-mm bead unimodal case in which motion was perfectly two-dimensional (Fig. 2) , 4-mm beads in the 6.5-mm channel exhibited a tendency to blockage because of the ratio 4 mm compared to 6.5 mm. When equilibrium was reached (experiment M12-8-18), the bed was mainly formed by less mobile 4-mm beads (Fig. 3) . As a result, flow resistance was greater with 4-mm beads generating a higher water depth. For approximately the same solid discharge (q s = 0.23-0.26 9 10 -3 m 2 /s), it was necessary to input a water discharge twice as great as in the unimodal case N12-16, meaning that the concentration C s was divided by a factor 2 (Table 1) . Of course, a higher water depth also meant more dissipation on the transparent walls of the flume. However, the use of an Einstein type side wall correction ) still resulted in bed resistance coefficients higher with this two-size mixture than with 6-mm beads. In our case, the structure of the two-size mixture had a stronger effect than the lower h/d ratio (Recking et al. 2008b ).
For the case M12-14-1, the solid and water discharges were approximately the same as the case N12-16. The concentration C s was slightly lower, and the water depth slightly higher than the experiment N12-16. In this experiment (M12-14-1), the mixture was still principally composed by 6-mm beads in the uppermost layers with only a few 4-mm beads at the bottom (Fig. 4) . Therefore, the 4-mm beads had a very weak influence on the water flow and the bed load.
Solid discharge vertical profiles
The distributions of q s along the vertical together with the contributions of saltation and rolling to the total solid discharge are plotted for the one-size N12-16 experiment (Fig. 10a ) and the M12-8-18 two-size experiment (Fig. 10b) , respectively. It is to be noted that the contribution of resting beads was not equal to zero because of vibration resulting in low movement not considered as rolling. Therefore, the total solid discharge may be higher than the added contributions of rolling and saltation. Figure 10a shows three peaks at intervals of approximately one particle diameter corresponding to three peaks of rolling. There is only one peak for saltation approximately equal to the uppermost rolling peak at the same location (y = 32 mm), adding together to form the uppermost total peak. This profile thus clearly indicates that the particle bed had a layered structure and the two uppermost bed layers (y = 20 and 26 mm) were prone to rolling.
On Fig. 10b , the same distributions are broken down according to the size fraction. There is also only one peak of saltation for the two types of particles. By contrast to the unimodal case, there is only one rolling peak at a slightly lower position than the saltation peak. It indicates that the motion of rolling particles was only possible on the layer near to the bed surface. Indeed, the 4-mm beads formed an imbricated bed preventing large movement of the bed layers. Fig. 8 Main steps of the transparent bead detection algorithm a initial image, b replacement of black beads with background, c hconvex operator result, d thresholding of image (c), e final result after deleting spurious maxima Fig. 9 Detection of both the water line and the transparent beads region. In Fig. 8e , all the maxima located above the water line and outside the transparent beads region were removed. a Result of the top hat applied to the original image ( Fig. 8a) , b the water line obtained after thresholding and thinning, c result of the Sobel gradient applied to the image without the black beads (Fig. 8b) d the transparent beads region obtained after closing and opening
Bead propagation
In order to study the spatio-temporal bead propagation, we plotted the particle movement in the (x, t)-plane for the unimodal case N12-16 ( Fig. 11) and for the two-size mixture M12-8-18 (Fig. 12a, b ). x is the streamwise abscissa and t the time. Only beads in saltation (black lines) and rolling (gray lines) are presented, beads at rest have been omitted for the sake of clarity. Beads entered the observation window on the left and departed on the right. The time propagation is downwards. Since the x-component of the velocity of a bead is the ratio between the xdisplacement and the elapsed time, it is equivalent to the inverse of the slope of the trace. Since beads moved faster in the saltating regime than in the rolling regime, the slope of the trace corresponding to saltating beads is lower than for rolling. Only 4 s out of the entire 60-s sequence are represented. The events presented here were nevertheless typical of the entire experiments.
The unimodal case (Fig. 11) is mainly characterized by the collective motion of rolling beads as evidenced by a series of gray streaks. This phenomenon was modeled by Ancey et al. (2008) .
In the two-size case, the beads were more frequently in the saltating regime than in the unimodal case. Especially, the larger beads of the two-size mixture were essentially in saltation with only a little part of their trajectory in the rolling regime. The beads typically travelled distances as long as the window length. Indeed, Fig. 12a shows that transitions from rolling to saltation (or from saltation to rolling) were rare and there were no beads switching between rest and rolling. The same phenomenon was predominant for the 4-mm beads even if the transitions from rolling to saltation were more frequent, and there were a few beads switching between rest and rolling (see Fig. 12b at x * 50 mm, t * 0.6 s). However, the phenomenon of collective rolling motion was not obvious with the two-size mixture and appeared specific to the unimodal case.
The low proportion of transitions in the two-size mixture is certainly due to fewer exchanges between the bead layers. As already described in Sect. 4.2, only the uppermost bed layer had the capacity to move because of the imbricated bed formed by the 4-mm beads. By contrast, in the unimodal case, the rather loose bed packing formed by 6-mm beads allowed the motion of rolling particles in several bed layers.
Segregation of smaller beads
Since input of a solid flux composed of about one-third of small beads resulted in a bed mainly formed by the same small beads, the purpose of the run M12-14-1 was to analyze the movement of 4-mm beads. To that end, a very low solid flux of 4-mm beads was input into the flow Exp Fluids (2010 ) 49:1095 -1107 1103 initially formed only of larger moving beads (N12-16). This very low flux (1% of the total flux) first enabled us to quietly visualize the segregation process and second permitted to virtually keep the same water flux. Progressively, a number of 4-mm beads sank through the moving larger beads until reaching the steel bottom and forming a quasicontinuous layer of transparent beads, 20 min after small bead input (Fig. 4 ). This segregation process may be similar to the ''kinetic sieving'' process described in dry granular flows (Savage and Lun 1988; Thomas 2000; Hill and Zhang 2008) . It is, however, only a hypothesis at this stage. This segregation process is very rapid in dry granular experiments performed with rotating drum or heap experiments. By contrast, although in our experiments it only took a few seconds for a saltating particle to travel from input to the downstream end of our field of view, 20 min were required to reach the state of Fig. 4 which means that the timescale of segregation, presumably a kinetic sieving process, is larger by 2-3 orders of magnitude than saltation.
Transition between rolling and rest
In this part, we investigate the transitions between rolling and rest. These transitions are the most important phenomena in bed load transport because they correspond to erosion and deposition on the bed. In Tables 2 and 3 , we represent the three most favorable neighborhood configurations responsible for the transitions ''rolling to rest'' (C10) and ''rest to rolling'' (C01) for both the M12-8-18 and the M12-14-1 experiments. We give also the rate of beads in each neighborhood configuration compared to the total number of configuration for the considered transition (C01 or C10). Note that the configurations are represented by a cross. In each quadrant, the presence or the absence of a bead defines the neighborhood of the studied bead. The large black disks symbolize the 6-mm beads and the small white disks the 4-mm beads. It must also be specified that in the observation window, the water flowed from left to right. Table 2 (M12-8-18 case) indicates that, for 4-mm beads, the configuration with large beads downstream was favorable to rest. Regarding the liftoff, except the first configuration maybe due to false detections, 6-mm beads in the neighborhood were also favorable to rolling of 4-mm beads. In fact, the large beads were essentially on the upper Fig. 12 Bead propagation in the plane (x, t) for the two-size mixture M12-8-18, a 6-mm beads, b 4-mm beads. Black lines represent beads in saltation and gray lines rolling beads Table 2 Representation of the three most favorable configurations of neighborhood responsible for the transition rest to rolling (C01) and the transition rolling to rest (C10) with their percentage rate (M12-8-18 experiment) Table 3 Representation of the three most favorable configurations of neighborhood responsible for the transition rest to rolling (C01) and the transition rolling to rest (C10) with their percentage rate (M12-14-1 experiment) layer above a bed mainly formed by a 4-mm bed. Fourmillimeter rolling beads were only possible on the layer near the free surface and were thus frequently in interaction with the 6-mm beads.
For the 6-mm beads (M12-8-18 case), the configuration with a bead downstream and below led principally to rest and the configuration with a bead upstream and below led principally to rolling, which is coherent with the direction of the flow. More specifically, the transition rest to rolling was mainly caused by 4-mm beads. Indeed, when a 6-mm bead came to rest, which was very rare, fine particles accumulated behind them promoting its liftoff.
In the M12-14-1 experiment (with a very small rate of 4-mm beads), the 4-mm beads migrated downward and began to form a layer at the bottom. Nevertheless, the bed was still predominantly formed by 6-mm beads (see Fig. 4 ). Table 3 indicates that for the 4-mm beads, the three main neighborhood configurations leading to the transitions C01 and C10 were the same, that is, four beads in the neighborhood. Indeed, most of 4-mm beads that arrived in the observation window stopped, restarted again, but finally migrated in the bed down to the bottom. Only a few of them travelled distances as long as the window length. They were switching from rolling to rest and from rest to rolling in the uppermost bed layers. That is why, presumably, the favorable neighborhood configurations for these transitions were the cases with four beads in the neighborhood.
For the 6-mm beads of the M12-14-1 case, the most favorable neighborhood configurations for the transitions C10 and C01 were also the same, that is, three or four large beads in the neighborhood. All 6-mm beads were prone to rolling. They formed a layered structure allowing the movement of beads in all bed layers contrary to the imbricated bed of 4-mm beads preventing movement of bed layers. Furthermore, collective motion was very important for 6-mm beads, which could explain these neighborhood configurations.
Conclusions and perspectives
Building on a previous method adapted to one-size particles, we have detailed a new image processing procedure combining different algorithms and solutions into a single original method handling experiments with two-size mixtures. Given a temporal sequence of images, it is possible to determine the size, the position, the trajectory, the state of movement, and the neighborhood configuration of each bead. Building a processing chain to process two-size mixtures is not trivial, and two major challenges have been addressed: the detection of the two types of beads and the analysis of their state of movement depending on the neighboring configurations.
This procedure was successfully applied to bed load transport of two-size mixtures (4-and 6-mm diameter beads). We first compared a two-size mixture (case M12-8-18 with an input flow composed of about one-third by weight of smaller particles) with previous results obtained with uniform 6-mm beads in the same flume. When equilibrium was reached, the bed was mainly formed by 4-mm beads because of downward migration of the fine particles.
The distributions of the solid discharge along the vertical, together with the contributions of saltation and rolling, showed very different patterns between the unimodal case and the two-size mixture. In the unimodal case, three peaks of rolling could be distinguished at intervals of about one particle diameter, indicating a rather loose bed packing allowing the movement of beads in the uppermost bed layers. By contrast to the unimodal case (N12-16), there was only one rolling peak in the two-size case, indicating that the 4-mm beads formed an imbricated bed preventing movement of the bed layers.
Based on spatio-temporal analysis, we showed that both 6-and 4-mm beads were essentially in saltation with few beads switching between the saltation and the rolling regimes. Only the fine particles had a few trajectories mainly in the rolling regime with transitions from rest to rolling. By contrast, in the one-size case, the collective motion of rolling particles was predominant, and the transitions from rest to rolling and vice versa were very frequent. The layered structure of 6-mm beads and the imbricated bed of 4-mm beads described previously explain these observations.
In an attempt to understand the downward migration of the smaller particles, a very low 4-mm bead flux was added to the 6-mm flux, and input to a bed initially only composed of moving 6-mm beads. We evidenced a segregation process similar to the kinetic sieving process largely described in granular flows, but implying longer timescales.
Finally, analysis of the transitions between rest and rolling taking into account the bead neighborhood was performed for both two-size experiments. For the M12-8-18 experiment, the 4-mm beads were principally stopped by 6-mm downstream beads, whereas 6-mm beads began to roll because of fine particles accumulating upstream. Regarding the 4-mm beads in the experiment M12-14-1, the transitions were principally caused by a neighborhood of four beads. Indeed, most of the 4-mm beads migrated inside the bed and moved in the loose bed of 6-mm beads.
The segregation process evidenced in our experiments opens up numerous perspectives. Of course, other experiments will be necessary to study all stages of the transition between uniform-sized and two-sized experiments, taking advantage of the image processing procedure, especially the study of small bead trajectories.
It can be objected that our specific very narrow experimental channel limits the generality of our results. We note, however, that in recent experiments made with bimodal mixtures of natural gravel material in a wide channel, the same segregation phenomenon was observed (Recking et al. 2009 ) whereby the small particles were sinking through the moving coarser particles. Segregation is an ubiquitous phenomenon in granular flow whether driven by gravity only or by a shearing fluid. Altogether, it appears that a good basis exists in the physics of granular flows to improve our understanding of bedload transport either experimentally or theoretically. Furthermore, we think that the analysis of the neighborhoods responsible for the transitions, only possible thanks to this very complete image processing procedure, will prove to be a powerful tool to analyze further experiments and to give results easily comparable to discrete models based on cellular automata or molecular dynamics.
